Development of pili on cells of Arthrobacter photogonimos is induced by photo-oxidative conditions. The nucleotide sequence was determined of a light-inducible gene (lipA) that encodes the precursor of a light-inducible pilin (designated LIP), a polypeptide of 212 amino acids. The N-terminal leader peptide includes a typical signal sequence with a consensus cleavage site for signal peptidase I after residue 28, which should generate N-terminal arginine. However, the next amino acid, alanine, is the N-terminal residue of the mature protein. The abundance of charged amino acids (27% of total), a calculated pI of 9.98, and recovery of mostly monomers when cells were washed with 1 M NaCl suggest that electrostatic interactions play a dominant role in association of LIP, a novel mechanism for assembly of pili. z 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
Introduction
The Gram-positive, coryneform bacterium, Arthrobacter photogonimos, responds to a variety of environmental factors by producing pili [1^4] . Exposure of A. photogonimos cells to near-UV light or visible light in the presence of photosensitizers stimulated synthesis of the pilin (designated light-inducible pilin or LIP). LIP accounted for approximately 20% of total incorporation of IR C-labeled amino acids into proteins when induced cells were pulse-labeled [2, 3] . In addition, synthesis of LIP was suppressed speci¢cally by Ca P and induced by chelating agents or relatively high concentrations of competing cations such as Zn P , Ni P or Co P in the medium [4] . Although common among Gram-negative bacteria [5] , pili have been found on only a few other Gram-positive organisms [6^8] . The structures and mechanisms of assembly of pili on Gram-positive bacteria seem to di¡er considerably from those on Gram-negative cells. No sequence homology at the protein level is apparent between pilins from Grampositive and those from Gram-negative organisms [8] .
In this paper, we determined the nucleotide sequence of the lipA gene from A. photogonimos and analyzed the potential promoter, coding and 3P untranslated regions. The deduced amino acid sequence of LIP provided insight into the processing of the precursor and a possible mechanism of assembly of monomers into pili.
Materials and methods
A. photogonimos (ATCC 49663) was characterized previously [1, 4] . Cultures were treated overnight at 25³C with 1 WM neutral red and 15 W m 3P white £uorescent light and then LIP was washed from cells with 3 M NaCl containing 10 mM NaHCO Q (10 ml per ml packed cells). The extract was adjusted to pH 3.0 and the ensuing precipitate was collected by centrifugation and dissolved in a minimal volume (1.52 .0 ml) of 0.1 M Tris-acetate (pH 9.0) containing 0.2 M sucrose, 8% (w/v) SDS and 2% (v/v) L-mercaptoethanol. LIP was resolved on 10 to 15% polyacrylamide gradient slab gels and eluted as described previously [9] . This protocol minimized proteolysis and resulted in homogeneous LIP. IgG antibodies against puri¢ed LIP were generated in rabbits by Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA). DNA was isolated by a procedure described by Crombach [10] . A. photogonimos DNA was digested with NotI and fragments were ligated into the NotI site of V-ZAP DNA, packed into phage particles and screened on XL1-Blue cells as described by the supplier (Stratagene, La Jolla, CA). Plaques were screened immunochemically on nitrocellulose. Both strands of the DNA insert recovered from positive plaques were sequenced by dideoxy termination method.
Amino acid analysis, determination of N-terminal amino acid by dansylation, C-terminal sequence analysis by the kinetics of release of amino acids during digestion with carboxypeptidase Y [9] , spectrophotometric assays for peptidase activity with amino acyl-p-nitroanilide substrates [11] , and Western blot assays [4] were done as described previously. N-terminal amino acid sequencing was performed with a solid-phase sequencer.
Results and discussion
Antibodies against LIP were used to screen an expression library of Arthrobacter DNA packaged in V phage. A 2.3 kb insert was recovered in pBluescript SK(3) from phage in positive plaques. Digestion with XhoI at a single site within the insert and at the XhoI site in the vector and religation removed a 1 kb segment downstream from the coding region. The 1323 bp insert in the resulting plasmid, designated pHS21, contained the full coding sequence for LIP plus 498 bp upstream and 186 downstream nucleotides. The nucleotide and deduced amino acid sequences of LIP are shown in Fig. 1 . The overlined sequences GCTTGGG after position 373 and TACGTG after position 402 (Fig. 1 ) are similar to class A promoter sequences in Streptomyces [12] , organisms which also have genomes of high G+C content. Although the sequences AT-GAGG after position 381 and GAAACT after position 410 are similar to the 335 (ATGAGG) and 310 (CAAACT) boxes, respectively, of the Escherichia coli malPQ gene promoter [13] , the length of the spacer between these sequences in the lipA promoter is 23 bp as compared with 20 bp in the E. coli promoter, which possibly explains the ine¡ectiveness of the Arthrobacter promoter in E. coli (see below).
Arthrobacter and Streptomyces genes are often not expressed at detectable levels in E. coli [14^16]. E. coli transformed with pHS21 and treated with isopropyl-L-D-thiogalactoside (IPTG) contained a 40 kDa immunoreactive polypeptide (indicated by arrow in Fig. 2, lane 4) , which was consistent in size with a fusion product containing the N-terminal 25 amino acids of L-galactosidase, the full length of the LIP precursor (212 amino acids) and a connecting peptide of 166 amino acids. The increase in the amount of this polypeptide in extracts of cells treated with IPTG suggested that transcription of the mRNA for the fusion protein was initiated at the lac promoter in the vector. Nearly equal amounts of an immunoreactive polypeptide, the size of mature LIP was also detected from IPTG-induced, transformed cells (Fig. 2, lane 4) , which suggested that either the Arthrobacter promoter or ribosome binding site was functional in E. coli. To determine whether the lipA promoter is functional in transformed E. coli, the insert was excised from pHS21 and ligated into promoterless pWLT17 (termed pWLTAX) [17] . Analysis of extracts of cells transformed with pWLTAX did not reveal a product that reacted with anti-LIP antibodies (Fig. 2, lane 3) , suggesting that the lipA promoter was poorly functional in E. coli.
The ATG sequence at position 499 in Fig. 1 encodes the most probable site of translational initiation and is 8 bp downstream of a Shine-Dalgarnolike sequence (AAGGA) [18] . A translational termination signal (TGA) occurs at position 1135. Re£ect-ing the G+C content (64%) of the coding sequence, the codon bias is extreme, with 206 (96%) of the 212 codons containing G or C in the third position. Codons CTC (Leu) and CTG (Leu) are used 19 and Sample was hydrolyzed with 6 N HCl at 110³C for 24 h. The total number of amino acids was set to 183 (see Fig. 1 ). Sample was treated with performic acid before hydrolysis with 6 N HCl. 7 times, respectively, whereas TTG (Leu) does not appear in the coding sequence, which indicates a strong bias also in the ¢rst position. Two extended inverted repeats occur near the 3P end of the lipA gene, one that overlaps the termination codon and a second further downstream, with calculated free energy values of 317.4 kcal mol 3I and 324.2 kcal mol 3I , respectively (Fig. 1) . These inverted repeats potentially generate stem-loop structures in the mRNA molecule, which may prolong the life-time of mRNA [19] and contribute to the high level of synthesis of LIP when lipA expression is induced.
The sequence of the ¢rst 11 N-terminal amino acids obtained by Edmund degradation of puri¢ed LIP is AAGEDSLAALL-. Analysis of the N-terminal amino acid by dansylation con¢rmed identi¢ca-tion of Ala at this position. The amino acid sequence from position 30 to 40 in the open reading frame, deduced from the nucleotide sequence of lipA, is identical to that obtained with the puri¢ed protein, which indicated that LIP is synthesized as a precursor protein with an N-terminal extension. The deduced C-terminal sequence, -IDL, is identical to the sequence determined by the kinetics of release of amino acids during digestion of LIP with carboxypeptidase Y. The composition of LIP derived from the nucleotide sequence, including the absence of Met, Cys and Trp, is in excellent agreement with that determined by amino acid analysis of the puri¢ed protein (Table 1) . The mature protein, 183 amino acids in length, has a calculated molecular mass of 19 409. The protein is basic, with a calculated pI of 9.98. Analysis by gel ¢ltration in 1 M NaCl of the protein washed from cells indicated that it existed nearly quantitatively as monomers under these conditions (data not shown).
Searches of GenBank and Swissprot databases did not reveal homology of LIP with other known proteins. The percentage of hydrophobic amino acids in LIP (46%) falls within the range for pilins from Gram-negative bacteria (32 to 52%) [20, 21] . Amino acids with charged sidechains (27%) are signi¢cantly more abundant in LIP than in other pilins (13 to 20%) . Di¡erences also exist between the composition of LIP and the pilin puri¢ed from the Gram-positive Corynebacterium renale [6] , with LIP containing more hydrophobic amino acids (46 vs. 32%) and basic amino acids (14 vs. 10%) as compared to C. renale pilin. The distribution of charged amino acids in LIP is biased such that the N-terminal half contains two-thirds of the acidic amino acids whereas the C-terminal half contains nearly two-thirds of the basic amino acids. This distribution suggests that electrostatic interactions play an important role in association of LIP to form the pilus structure.
The ¢rst 28 amino acids of the encoded N-terminal extension (Met 3PW to Ala 3P ) constitute a typical signal peptide [22] . A predicted cleavage site for signal peptidase I, consistent with the 33, 31 rule [22, 23] , occurs after Ala at position 32. Identi¢ca-tion of Ala at the N-terminus of the mature protein rather than Arg implies that the Arg 3I residue is removed by a second proteolytic step after cleavage by signal peptidase. This possibility was supported by the properties of a peptidase that was washed from the surface of intact cells with 1 M NaCl. Arginyl-or lysyl-p-nitroanilides, chromogenic substrates for peptidase activity, were actively hydrolyzed by this enzyme. The maximal rate of hydrolysis of alanyl-p-nitroanilide was 2% of the activity with arginyl-p-nitroanilide as substrate (data not shown). The speci¢city of this peptidase is consistent with its involvement in removal of the Arg 3I residue from the protein. The recovery of maturesized LIP from transformed E. coli (Fig. 2, lane 4) indicated that the leader peptide was recognized by the secretory system and correctly processed.
Pili on Gram-negative bacterial cells have been well studied. Although such organisms often cause disease, pili probably serve a general function to hold cells near a source of nutrients. Similar processes may occur with bacterial cells in other environments, in particular in soil or waterways in which organisms such as coryneform bacteria are found. The data presented in this paper suggest that Gram-positive bacterial species in these environments have quite di¡erent types of pilins than Gram-negative bacteria. The lipA DNA sequence provides insights into understanding the assembly of this novel type of pili.
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